ABSTRACT With the development of new energy on a large scale, the application of power-to-gas (P2G) technology provides novel ideas for the consumption of renewable energy such as wind power. This paper proposes a nonlinear optimal model of wind power accommodation for an electricity-heat-gas integrated microgrid with P2G, taking the minimum operating cost, the minimum wind curtailment, and the minimum comprehensive cost as objectives. On the basis of meeting the demand for electricity, heat and gas loads, the security constraints of the electricity microgrid, and the gas network are considered in connection with the operating characteristics of the P2G devices. The optimization software GAMS is used to solve this model. Finally, the integrated system of a 14-bus microgrid and a modified 20-bus gas network is adopted for demonstrating the effectiveness of the application of the P2G to improve wind power accommodation capability.
I. INTRODUCTION
With the increasingly contradiction between the economic growth mode with high consumption and pollution and the global energy crisis and environmental issues, the transformation of energy structure and the improvement of energy utilization have become a strategic orientation of social development [1] . Renewable energy sources, in particular wind power, have the characteristics of sustainability and significant environmental benefits, so it has been massively invested and developed by countries all over the world. The integration of renewable energy into the microgrid system brings energy value and saves fuel cost. On the other hand, the volatility and intermittency of the output will affect the normal operation of the system. However, a microgrid system can integrate multiple energy sources and types of loads [2] . According to the characteristics of each energy source, the mutual coordination among multi energy carriers can reduce or eliminate the uncertainty of renewable energy, which is more conducive to the safe consumption of renewable energy.
Recently, wind power is the most promising power generation among renewable energy sources, and some literatures
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have been studying on the wind power accommodation in a microgrid system. Due to the fact that the inherent intermittency and variability of wind power complicates the operation in a microgrid, a stochastic problem of energy scheduling is formulated in [3] . Reference [4] put forward an optimal energy management strategy in an industrial microgrid with high-penetration renewables, and the objective includes minimization of fuel cost, operation and maintenance costs without the consideration of startup cost. In order to improve the wind power accommodation, reference [5] measures the wind power accommodation capability, and constructs a wind power integration assessment model to maximize the accommodation of wind power and the operating economy of the system. In [6] , based on the existing power supply structure, the peak load regulation capacity of a power grid can be improved by allowing the abandonment of a certain marginal amount of electricity, thereby further improving the wind power accommodation. Reference [7] analyzes the changes of grid power flow and node voltage, and alters the user's electricity habits through the demand response, thus suppressing wind power fluctuation and anti-peak characteristics and improving the space to absorb wind power. In [8] , the output of cogeneration units can be adjusted flexibly by configuring heat storage devices, so as to enhance the integrated ability of wind power in a microgrid.
Meanwhile, considering that the natural gas network with similar energy flow to the power grid has ideal energy storage and transportation advantages, the integrated electricity microgrid and natural gas network can generate new ideas for new energy consumption [9] , [10] . Traditional grid and natural gas network are unilaterally coupled only through gas-fired units that convert natural gas into electrical energy, and the progress of P2G technology has made it possible to bi-directionally flow energy. In recent years, scholars have conducted relevant research on the important energy interconnection unit of P2G, and have made certain progress. References [11] , [12] expound the development potential of P2G technology. Reference [13] analyzes the technical characteristics of P2G, and objectively evaluates its application prospects. In [14] , P2G technology is regarded as an effective means to achieve long-term and wide-area energy storage, and its possible forms in the coordinated operation of electricity and gas are proposed. In the field of electricity-gas integrated energy research, reference [15] proposes a reliability assessment method for the energy-flow model of the electricity-gas integrated system. In [16] , via a two-stage optimization, power system operation with P2G is analyzed to assess the gas production from otherwise curtailed renewables. However, there is lack of assessment of renewable energy efficiency. In [17] , The interdependence between power grid and natural gas network is discussed, and a multi-objective framework which satisfies the network's security constraints is proposed for the coordinated operation in an integrated system. However, the interaction between the electricity and natural gas networks only originates from gasfired generation units. In view of the characteristics of P2G devices, power grid and natural gas network, an operating strategy of electricity-gas multi-energy system is proposed in [18] . However, in [10] and [18] , the integrated system does not include a heat system. As an autonomous system that can realize self-control, protection and management, a microgrid can not only have electricity and gas load, but also supply heat load with the waste heat of power plants, which is an effective way to realize the sustainable development of power industry through the cascade utilization of energy, promoting the utilization rate of comprehensive energy. In addition, the above existing research focuses on the pursuit of minimization of operating costs, ignoring the potential utilization of renewable energy.
In this case, the cogeneration microgrid with P2G devices, the natural gas network and heat network are coupled by considering the energy conversion, and the goal of this paper is to quantitatively evaluate the wind power accommodation from two aspects: operation cost and wind curtailment. Taking into account the power flow of the microgrid and the constraints of natural gas network and heat energy, a nonlinear optimization model of an electricity-heat-gas integrated microgrid with P2G devices is constructed with the objectives which are the minimum operating cost, the minimum wind curtailment and the minimum comprehensive cost, respectively.
Based on the above, the main contributions of this paper are twofold: i) schedule the dispatchable multi-energy suppliers in an electricity-heat-gas integrated microgrid system to enhance the wind power accommodation under different operating mode, and ii) analyze the operation of P2G devices in a an electricity-heat-gas integrated system with different wind power penetration and the influence of P2G devices on the increase of wind power integration.
The paper is structured as follows. Section II introduces the P2G technology. Section III describes the structure of an electricity-heat-gas integrated microgrid system, and establishes the corresponding wind power accommodation optimization model. Simulation results are shown in section IV and section V presents the conclusions.
II. OVERVIEW OF P2G TECHNOLOGY
As a potential energy storage method, P2G technology can convert electrical energy into fuel gas, and its process can be divided into power-to-hydrogen and power-to-natural gas according to the different products. In both, power-tohydrogen is a process of electrolyzing water to form hydrogen and oxygen, namely 2H 2 O→2H 2 +O 2 , and its energy conversion efficiency reaches 75%-85%. The power-to-natural gas is based on power-to-hydrogen, and the hydrogen generated by the electrolyzed water and carbon dioxide are further reacted under the action of the catalyst to generate water and methane, namely CO 2 +4H 2 →CH 4 +2H 2 O, and the energy conversion efficiency is 75%-80%. Hence, the comprehensive efficiency of power-to-natural gas is between 45% and 60%. Compared to power-to-natural gas, the energy dissipation of power-to-hydrogen is less, but there is a risk of hydrogen embrittlement and infiltration if the hydrogen is fed into natural gas pipelines [19] . Therefore, the P2G technology mentioned in this paper is power-to-natural gas.
The P2G device, as a unit connecting power grid and gas network, has two attributes: electricity load and natural gas source. Its energy conversion equation can be expressed as follows:
where
is the natural gas flow generated by the i-th P2G device in period t; P P2G i (t) is the active power consumed by the i-th P2G device in period t; η P2G is the conversion efficiency of P2G devices; and H G is the heating value of natural gas.
III. WIND POWER ACCOMMODATION OPTIMIZATION MODELING OF MICROGRID WITH P2G A. STRUCTURE DESCRIPTION OF MICROGRID INTEGRATED SYSTEM
The P2G multi-source microgrid integrated system in this paper consists of micro turbines (MTs), fuel cells (FCs), diesel engines (DEs), wind turbines (WTs), waste heat VOLUME 7, 2019 boilers (WHs), gas boilers (GBs), P2G devices, heat storages (HSs), and electricity, heat and gas loads. The structure is shown in Fig. 1 . The MTs, FCs and GBs are fueled by natural gas, wherein MTs and FCs convert chemical energy into electrical energy, and GBs transform chemical energy into thermal energy. P2G devices are used as electric load in the power grid and as gas sources in the gas network; WHs supply heat to the system by recovering the waste heat generated by MTs and FCs; and HSs are charged and discharged according to the real-time heating condition of the system. In a word, the load supply of the whole system is as follows: the electricity load is supplied by MTs, FCs, WTs and DEs; the heat load is supplied by WHs, GBs and HSs; and the gas load is supplied by gas sources and P2G devices.
B. ESTABLISHMENT OF MICROGRID WIND POWER ACCOMMODATION OPTIMIZATION MODEL
Under different dispatching modes, the start-up and shutdown arrangements and energy supply plans of microgrid units are different, leading to different wind power accommodation. As a result, this paper takes the hourly output of energy suppliers in microgrid and natural gas network and the start-up and shutdown of distributed generation as decision variables, aiming at minimizing the operating cost, the wind curtailment and the comprehensive cost of the electricity-heat-gas microgrid system, respectively. Taking into account the balance of electricity, heat and natural gas flow, network constraints, and characteristics of each unit, a wind power accommodation optimization model for cogeneration microgrid with P2G devices is established.
Mode 1: the minimum operating cost of an electricity-heatgas microgrid
The system operating cost, including equipment maintenance cost, unit start-up cost, spinning reserve cost, and the cost of natural gas, can be expressed as:
where C om (t), C st (t), C r (t) and C w (t) are the maintenance cost of equipments, the start-up cost of units, the reserve cost, and the cost of natural gas in period t; P i (t) is the output of the i-th device; k i om is the unit operation and maintenance cost of the i-th equipment; C U st,i is the start-up cost of the i-th unit; U G i (t) is the start-up and shutdown state of the i-th unit in period t where the value of 0/1 indicates the shutdown state/start-up state; a up and a down are the coefficients of the reserve cost function; R up Gi (t) and R down Gi (t) are the positive and negative spinning reserve of the i-th unit in period t, respectively; ρ w is the unit price of natural gas; and Q W i (t) is the supply amount of the i-th gas source in period t.
Mode 2: the minimum wind power curtailment in an electricity-heat-gas microgrid Under this operation mode, ignoring the economy of system operation and pursuing the maximum of wind power accommodation, the objective can be expressed as
where P pre w (t) is the output of wind power; and W k (t) is the accommodated wind power in period t.
Mode 3: The minimum comprehensive cost of an electricity-heat-gas microgrid
The comprehensive cost is a scheduling model aiming at minimizing the sum cost of operation and wind power curtailment. By introducing coefficient λ, the two objectives of operation cost and wind power curtailment are united in a unit of $/kWh. Therefore, λ can be understood as a wind curtailment penalty factor or wind curtailment cost. The objective function can be expressed as:
C. CONSTRAINTS 1) Electricity balance constraint
where P MT i (t), P FC i (t), and P DE i (t) are the output of MTs, FCs, and DEs, respectively, at node i in period t; W i (t) is the wind power accommodation at node i in period t; P P2G i (t) is the active power consumed by P2G devices at node i in period t; P L i (t) is the electric load at node i in period t; P ji (t) is the power flow on the line from node j to node i in period t, and j ∈ i indicates that node j is connected to node i. 2) Gas balance constraint
where Q MT i (t) and Q FC i (t) are the gas flow consumed by MTs and FCs, respectively, at node i in period t; Q CF i (t) and Q F i (t) are the gas flow through compressor connected to node i and the flow consumed by compressor, respectively, in period t; Q L i (t) is the gas load at node i in period t; and Q gas ji (t) is the flow of line from node j to node i in period t.
3) Heat balance constraint
where H GB (t) and H WH (t) are the heat production of GBs and WHs, respectively, in period t; H HS ch (t) and H HS dis (t) are the charging and discharging heat of HSs, respectively, in period t; and H L (t) is the heat load of period t.
4) Electricity network constraints
The active power supply constraint is
The ramp rate constraint is
The spinning reserve constraints are
where P Gi max and P Gi min are the maximum and minimum power generation of unit i, respectively; R up Gi and R down Gi are the ramp-up and ramp-down rates of unit i, respectively; and σ is the prediction error of wind power output.
The wind power output constraint is
where P fore w (t) is the output prediction of wind power. In this paper, the wind power prediction error is simulated in the form of a normal distribution. The mean value of the given distribution is 0, and the magnitude of the error level is expressed by the magnitude of standard deviation. This distribution can be expressed as ε ∼ µ, σ 2 (20) where ε w is the wind power prediction error.
The voltage constraint is
Line power flow constraints are
where P min l and P max l are the lower and upper power flow limits of the line l, respectively. 5) Gas network Constraints The gas flow of pipelines constraint is
where K ij is a constant related to the pipeline temperature, length, inner diameter, natural gas compression factor, etc; S ij (t) is the direction of pipeline gas flow in period t, positive from node i to node j; p gas i (t) and p gas j (t) represent upstream and downstream pressure of pipeline from node i to node j, respectively.
Compressor flow constraints are
where B k and Z k are the characteristic coefficients of the compressor; π m (t) and π n (t) are the pressure at the inlet and outlet of the compressor, respectively, P com i (t) is the power consumed by the compressor; and α k , β k , and γ k are the energy consumption coefficients.
The upper and lower limit constraint of gas resources is
where Q W min,i and Q W max,i are the lower and upper limits of the flow rate of gas source i, respectively. Joint pressure constraint is
where p gas min,i and p gas max,i are the lower and upper limits of pressure of node i, respectively. 6) Heat energy storage constraints are
where E HS (t) is the heat storage capacity of period t; τ is the heat storage dissipation rate; η ch and η dis are the charging and discharging efficiencies of HS, respectively, in period t; VOLUME 7, 2019 γ ch and γ dis are the maximum charging and discharging ratios of HS, respectively; and C HS is the heat storage capacity.
7) Coupled element constraints
The power-to-gas coupling constraint is as (1). Gas equipment coupling constraints are
where η MT , η FC , η WH , and η GB are conversion efficiencies of MTs, FCs, WHs, and GBs, respectively; and γ MT and γ FC are heat-to-power ratios of MTs and FCs, respectively.
D. MODEL SOLVING 1) NONLINEAR EQUIVALENCE OF MODEL
In view of the fact that the non-smoothness of the variable S ij in the gas flow direction in the pipeline will cause computing problems, Eqn. (22) 
2) SOLUTION TOOL
General Algebraic Modeling System (GAMS) is a commercial software for optimal numerical analysis, whose prominent feature is that the model is allowed to be independent of the solution algorithm. It can solve various optimization problems such as linear programming, non-linear programming, mixed integer non-linear programming, etc. by calling appropriate solvers and is widely used in scientific research and engineering practice [20] . The optimization model of the electricity-heat-gas integrated microgrid system with P2G devices in this paper is a mixed integer non-linear optimization problem.. Therefore, the optimization software GAMS is used to solve the problem.
IV. CASE STUDY A. CASE DESCRIPTION
This paper takes a 14-node microgrid system connected to a modified 20-node natural gas network as an example. The structure diagram of the electricity-heat-gas microgrid is shown in Fig. 7 . The specific parameters of the microgrid are described in [21] . The parameters of the pipelines, compressor and pressure limit of each node are shown in [22] . The MTs are connected to nodes 3 and 11; the FCs and DEs are respectively connected to nodes 6 and 12; and the WTs are at node 7. In the microgrid area, the MTs at nodes 3 and 6 are connected to the gas network nodes 3 and 12, respectively; the FCs at node 11 are connected to the gas network node 16; and the P2G devices at node 7 are connected to node 5 of the gas network. W1, W2, and W3 are three different gas sources, with the upper limit of 60m 3 /h of gas supply. Assume that the capacity of the WTs is large enough. The parameters of energy conversion devices and the HSs are shown in Tabs. 4 and 5, respectively. Take one day as a cycle, divide the whole day into 24 time periods. Fig. 2 shows the predicted load curve throughout the day. The wind power forecast output is shown in Fig. 8 . The standard deviation of wind power output prediction error is set to 10% of wind power forecast output. The price of natural gas is 0.45$/m 3 . 
B. OPERATION RESULTS AND ANALYSIS
The optimization results under the three scheduling modes of the minimum operating cost (Obj. 1), the minimum wind power curtailment (Obj. 2), and the minimum comprehensive cost (Obj. 3) are shown in Tab. 1. It can be seen that the system operation cost is the lowest while there is a large amount of wind curtailment based on Obj. 1. When Obj. 2 is optimized, the wind power accommodation is larger, but the operation cost is also at a higher level. In terms of Obj. 3, the system operating cost and the wind curtailment are traded off. That is to say, the amount of wind curtailment is reduced by sacrificing certain economy, so as to improve the system's wind power accommodation. In Model 3, the value of λ is taken as 0.02$/kWh. Considering the different importance degree of wind curtailment, this paper takes the wind curtailment penalty factor as 0.01$/kWh, 0.02$/kWh and 0.03$/kWh respectively to optimize the model, and the results are shown in Tab. 2. As can be observed, with the increase of wind curtailment penalty factor λ, wind curtailment decreases. In order to accept wind power to a greater extent the frequency of start-up and shutdown of units increases, resulting in a growing operating cost. At the same time, more spinning reserve is required, which also increases the operating cost.
In order to analyze the impact of the P2G devices on the wind power accommodation of the microgrid, the following two scenarios are set up in this paper. Scenario 1 considers the one-way coupling operation of the microgrid and natural gas network, that is, P2G devices are not considered, and the microgrid and natural gas network are only coupled by gas-fired units (including MTs, FCs and GBs); Scenario 2 considers the two-way coupling operation of microgrid and natural gas network, that is, the microgrid and natural gas network form a closed loop through gas-fired units and P2G devices. In both scenarios, the value of λ is taken as 0.03$/kWh. Using model 3 to deal with the two scenarios respectively, the electricity supply of each micro-source is illustrated in Fig. 3 and the heat supply is demonstrated in Fig. 4 . Generally speaking, compared to other electricity sources, the WTs have more electricity supply in the whole dispatching cycle, which indicates that a microgrid is a reliable carrier to absorb renewable energy. Meanwhile, due to the more electric load and less heat load during the period from 10:00 to 12:00, the surplus heat generated by the WHs can be stored by the HSs, that is, the negative value part in Fig. 4 . And the heat can be released during the period of 16:00 to 18:00 and 24:00 when the demand of electricity is not high but a certain heat demand, so as to make cogeneration system, consisting of the MTs, FCs and WHs, avoid working in a state of electricity based on heat amount.
Comparing the electricity and heat supply conditions of the two scenarios, we can discover that in scenario 1, there is no other ways to consume wind power except supplying electric load with other units, which limits the integration of wind power. In scenario 2, P2G devices are introduced, which can convert a portion of wind power into natural gas used in the gas network during the low electricity demand periods, facilitating wind power accommodation in the microgrid. VOLUME 7, 2019 FIGURE 5. Natural gas supply.
The supply of natural gas in the natural gas network is shown in Fig. 5 . The gas load in scenario 1 (including the fuel consumption of MTs, FCs, etc.) is completely supplied by the gas sources (W1, W2 and W3) where W1 and W3 play an important role during most periods. In Scenario 2, the output of each gas source has changed significantly after adding P2G devices, indicating that P2G devices change the energy distribution of the original gas network. Furthermore, in addition to the gas supply from P2G devices, the total gas supply of three gas sources is 1034.56 m 3 for Scenario 1 and 935.48 m 3 for Scenario 2. The total supply of gas sources is less for Scenario 2 than that for Scenario 1, because the generation cost of WTs is lower compared to conventional generators, leading to the cost of converting this energy from WTs into natural gas by P2G devices is also low. Therefore, P2G has the priority to supply gas, which reduces the gas supply ratio of three gas sources and the operating cost of the integrated system. Fig. 6 illustrates the wind power accommodation in the microgrid with or without P2G devices. In the scenario without P2G devices, wind power cannot be completely consumed due to the mismatch of load and wind power output in time and other constraints of micro-generators. However, the addition of P2G devices can transfer the energy flow from the power grid to the gas network increasing wind power integration of 980.11 kW, and reducing the overall cost from $773 to $765 compared to the scenario without P2G devices. Table 3 shows the conversion of P2G devices under different wind power penetration. We can see that when the penetration of wind power is low, the output of wind power is mostly accommodated by the microgrid, and the conversion power of P2G devices is less. With the increase of wind power penetration, the power converted through P2G devices increases.
V. CONCLUSION
Through the electricity-heat-gas integrated microgrid system with P2G devices, wind power accommodation optimization is modeled and analyzed on the basis of meeting different types of load demand. The conclusions are as follows: 1) Different dispatching modes lead to different optimization results of wind power accommodation in a microgrid. Only considering the economy of the system will worsen the wind curtailment (the wind curtailment is 3413kWh, but the operating cost is $716), and only reckoning the minimization of the wind curtailment will deteriorate the operating cost (the wind curtailment is 0 kWh, but the operating cost is $1068). Therefore, it is reasonable to evaluate the wind power accommodation with the objective of the minimum comprehensive cost, where the curtailment penalty factor need be set appropriately. 2) When wind power is surplus and electricity demand is low, P2G devices convert surplus wind power into natural gas for storage and use in the gas network, which enhances the wind power accommodation by 980.11kWh in a day. 3) Because the generation cost of WTs is lower compared to conventional generators, the cost of converting this energy from WTs into natural gas by P2G devices is also low so that P2G has the priority to supply gas, which leads to the gas from gas sources reduces by 99.08 m 3 , saving the operating cost of the integrated system.
The demand response will be further studied to optimize the operating cost and wind power accommodation in the future.
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